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Abstract— Mo-based perpendicular magnetic tunnel
junctions (Mo-pMTJs) can outperform mainstream
Ta-pMTJs in terms of perpendicular magnetic anisotropy
(PMA) and thermal tolerance. However, studies on the
ultrafast switching of Mo-pMTJ devices remain limited.
In addition, although pMTJ devices have potential to
function as cryogenic memory cells, there has been
no report on the performance of Mo-pMTJs at low
temperatures until now. In this Letter, Mo-pMTJs were
prepared with strong PMA and patterned into nanoscale
devices. Scanning transmission electron microscopy was
employed to characterize the device lateral dimension and
structure integrity. Systematic probability measurements
were conducted under various pulse widths and current
densities. On the ultrafast timescale down to sub-ns, the
switching is confirmed to enter the precessional regime.
The optimization of the switching energy is discussed.
Moreover, we investigate the magneto-transport properties
and switching of Mo-pMTJs at low temperatures down
to 2 K. The feasibility of utilizing Mo-pMTJ devices in
cryogenic memory is verified through this work.
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I. INTRODUCTION

VER the past decade or so, magnetic tunnel junctions

with perpendicular easy axis (pMTIJs) have attracted
continuous attention owing to their lower switching energy,
higher speed, better scalability [1]-[4], and therefore, better
application prospects than the in-plane magnetized counter-
parts. The most extensively studied pMTJ material system is
Ta|CoFeB|MgO [4], [5], where Ta functions as the buffer/cap
of the CoFeB electrodes and promotes their perpendicu-
lar magnetic anisotropy (PMA) under proper post-annealing.
Specifically, B atoms diffuse out of CoFeB and into Ta upon
annealing, leaving CoFe crystalized and strongly bonded to O
at CoFe(B)|MgO interfaces [6], at which interfacial PMA is
thus generated [7], [8]. However, the PMA of Ta-based pMTJs
(Ta-pMTJs) is usually insufficient (1-2 mJ/m?), especially
after the high-temperature processing required by CMOS
technologies, to provide a high thermal stability for advanced
technical nodes [9]. Thus, substantial efforts have been
made to develop alternative buffer/cap materials, including W
[10], [11], Mo [12], [13], et al. [14]-[16]

Among all emerging candidates, Mo-pMTJs are outstand-
ing, attributing to their high PMA and excellent thermal tol-
erance. In 2015, we demonstrated enhanced PMA and tunnel
magnetoresistance (TMR) in Mo-pMT]Js than Ta-pMTJs [12].
A materials design framework, proposed in 2019, also
predicates higher PMA in Mo|CoFeB|MgO than that in
Ta|CoFeB|MgO, and guided the experimental demonstration
of reasonably good PMA of 1.74 mJ/m? in samples annealed
above 400°C [17]. In 2020, a remarkably large PMA of
4.06 mJ/m? was reported in Mo-based double-interface free
layers, in contrast to lower than 3 mJ/m” in Ta-and W-
based counterparts [18]. In our most recent study, strong
PMA and large TMR ratios up to 212% were achieved
in pMTJs with 2-100 gm diameters using Mo-based multi-
interface free layers [19]. In addition, lower Gilbert damping
constants, which are in favor of increasing switching speed and
decreasing power consumption, were obtained very recently
in Mo-pMTJs and related thin films compared with W-based
ones [20].

Despite the rapid progress in the layer structure and mag-
netic performance, ultrafast switching of Mo-pMTIs is rarely
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Fig. 1. (a) The magnetic hysteresis loops of the Mo-pMTJ stack

under perpendicular and in-plane pgHext- (b) The low-field region with
perpendicular wgHext.

reported. To our knowledge, the fastest ever reported switching
of Mo-pMTIJs is 10-1000 ns [21], in which the switching
behavior still follows the thermal activation mode or its
transition to the precessional switching mode. To become suf-
ficiently competitive to replace DRAM or even SRAM, pMTJ
devices must support ultrahigh switching speeds faster than
1 ns, where the precessional switching mode dominates [22].
Furthermore, the functionality of W-pMT]Js at 4 K was demon-
strated in 2019 [23], making pMTJ devices potential cryogenic
memory cells serving in superconducting circuits [24]. How-
ever, the cryogenic-temperature functionality of Mo-pMT]J
devices has yet to be tested.

In this Letter, we first fabricate Mo-pMTJs and subsequently
characterize the magnetic performance at the film-level as well
as the lateral dimension and structure integrity at the device-
level. Then, we study the spin-transfer torque (STT)-driven
switching of Mo-pMTJs on an ultrafast timescale down to sub-
ns, where the precessional switching is observed. The optimal
switching energy for both parallel-to-antiparallel (P— AP) and
AP—P switching are analyzed. Moreover, we investigate the
temperature (7')-dependence of the magneto-transport proper-
ties and switching of Mo-pMT]J devices, at T = 300—2 K.
Our work shows the potential of Mo-pMTIJs for cutting-edge
applications.

1. DEVICE FABRICATION AND CHARACTERIZATION

The Mo-pMTIJ stack with a core layer structure of Mo
12|CozFegBs 10|MgO 9|CozFegBs fcpg|Mo 19 (unit: 10\),
where rcpp is wedged 12—15 A, was deposited by magnetron
sputtering and annealed at 300°C for 20 min. More fabrication
details are described in our earlier report [12]. Fig. 1(a) shows
the magnetic hysteresis (magnetization (M) vs poHext) loops,
measured by vibrating-sample magnetometry (VSM), of the
stack under perpendicular and in-plane uogHex;, Where ug
is the vacuum permeability and Hex denotes the external
magnetic field. The low-field region with perpendicular poHext
is additionally shown in Fig. 1(b). At tcpg & 15 A, the areal
saturation magnetization (Ms) is about 2.20 mA. The stack
shows apparent PMA with a large in-plane anisotropy field
of ~1T.

Using e-beam lithography and Ar™ ion milling, we pat-
terned the films into circular nanopillar devices. The device
cross-section was cut by using the focused ion beam tech-
nique and imaged using the annular bright-field mode of
scanning transmission electron microscopy (STEM), as shown
in Fig. 2(a). The lateral dimension (i.e., device diameter)
is estimated to be 100 nm. The energy dispersive X-ray
(EDX) elemental maps (Figs. 2(b-d)) were acquired from one
selected region (yellow dash line) in Fig. 2(a), showing that the

Fig. 2.

(a) The cross-sectional STEM image of a Mo-pMTJ device.
(b), (c), and (d) The EDX elemental maps of one selected region (yellow
dash line) in (a). (e) The atomic-resolution STEM image of the other

selected region (white dash line).
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Fig. 3. (a) and (b) P as a function of T and J, respectively. At P = 0.5,

(c) J as a function of 1/7, and (d) E as a function of 7. Measurements
were conducted at room temperature.

Mo-pMT]J device is well-structured and intact after annealing
and patterning. Fig. 2(e) is an atomic-resolution STEM image
of the other selected region (white dash line) and presents
good crystallinity of MgO and CoFeB layers.

The switching probability (P), calculated from 11,000 trials
per each value, was measured at room temperature as a func-
tion of the pulse width (z) and current density (J) by the same
measurement setup reported in our previous study [25]. All the
T-dependent tests were conducted with a Physical Property
Measurement System (PPMS). A bias field of 36-38 mT was
applied during the tests to cancel the stray fields. Unless
specified, all the results were collected from the central part
(tcrB ~ 13.5 A) of the sample.

[1l. ULTRAFAST SWITCHING AND ANALYSIS

As shown in Fig. 3(a), switching boundaries (i.e., P = 0.5)
at roughly ¢ = 0.75 ns (P—AP) and 1.3 ns (AP—P) are
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Fig. 4. (a) Major R vs ugHext loops at different T. (b) Rp, Rap, and
TMR as functions of T. (c) R vs J loops under quasistatic currents at
different T. (d) The T-dependence of Jsw.

realized. Further decreasing 7 (i.e., increasing J) will induce
dielectric breakdown during the 11,000 trials. At © = 0.9 ns,
as presented in the right half of Fig. 3(b), J/ = 6 MA/cm?
can drive P— AP switching with a close-to-complete P of
more than 0.97. To avoid dielectric breakdown, 7 = 1.6 ns is
needed to reach the same P for AP—P switching (left half
of Fig. 3(b)) with J = —4 MA/cm? as the AP state possesses
higher junction resistance. The P of both switching directions
at ¢ = 2 ns are also plotted in Fig. 3(b), which shows that
lower J is needed for the ultrafast AP—P switching, reflecting
the asymmetric nature of the STT mechanism [26].

To further investigate the switching behavior on the ultrafast
timescale, the J that corresponds to P = 0.5 is plotted
in Fig. 3(c) as a function of 1/r. Linear relationships in
both switching directions are evident, indicating a preces-
sional switching mode where 7 is inversely proportional to
J — Jco [22], where Jco is the intrinsic critical switching
current density. Linear fit yields Jog = 2.34 MA/cm? (P— AP)
and 1.67 MA/cm? (AP—P), respectively.

The switching energy (E) is of critical importance for
memory and logic applications. We calculate E (at P = 0.5)
using the equation E = V27/R, where V is the applied
voltage, R represents the device resistance and is taken
before switching. Fig. 3(d) shows that, as 7 decreases, E first
decreases and then increases, which agrees with our previous
study on in-plane magnetized devices [27]. Consequently,
we can optimize E by tuning 7. In this study, the optimal E is
determined to be 0.64 pJ/bit (P— AP) and 0.71 pJ/bit (AP—P),
which occurs at 7 = 1.09 ns and 1.58 ns, respectively. It is
worth mentioning that although a higher J is required in
P— AP switching, both R and 7 are smaller than those of
AP—P switching. As a result, we obtained lower E in P— AP
switching, because E is proportional to J2R7.

IV. DEVICE PERFORMANCE AT
CRYOGENIC TEMPERATURES
Representative major R vs uoHex¢ loops at different T are
plotted in Fig. 4(a). As T decreases, the switching field and
R in AP state (Rap) increase significantly, while Rp is less

T -dependent, which is consistent with earlier results [28]-[31].
Rap, Rp, and TMR ratios, defined by 100% x (Rap— Rp)/Rp,
at different 7' are summarized in Fig. 4(b). Due to the steady
increase of Rap, the TMR ratio is enhanced from 56.5% to
109.1% as T decreases from 300 K to 2 K. It is noteworthy that
with a slightly thicker tcpp ~ 14 A (not shown here) the TMR
ratio significantly increases to > 100% at room temperature
and > 200% at 30 K due to the higher spin polarization.

In addition, we measured the R vs J loops at various T.
As shown in Fig. 4(c), STT switching is observed at all 7,
which demonstrates the cryogenic functionality of Mo-pMTIJs.
The bias-dependence of Rap, Rp, and TMR under various T
are in agreement with early results [32]. In general, the switch-
ing current density Jg increases as T decreases, as summa-
rized in Fig. 4(d). Nonetheless, at deeply low T, like 20 K,
Jsw for both switching directions are almost independent of T'.
This can be explained by the thermal effect of Joule heating,
which increases the local junction temperature [33].

Fig. 4(d) also shows the linear fit of Jg vs T that samples
in the range of 300—70 K, but is extended to 2 K. For P— AP
switching, Jgw noticeably deviates from the fit and barely
changes below 30 K. For AP—P switching, the Jg at 30 K
and 20 K seem to follow the fit. Further lowering 7', however,
even slightly decreases Jgy. Apparently, Joule heating, rather
than the PPMS board 7T, has been the dominant factor of the
junction temperature [33].

Limited by the equipment setup, we can only apply quasista-
tic currents in the 7' -dependent measurements with our PPMS.
Ultrafast STT switching of Ta- and W-pMT]Js at cryogenic T
has been reported elsewhere [23], [34].

V. CONCLUSION

In summary, we prepared nanoscale Mo-pMTJ devices,
demonstrated their ultrafast switching on a timescale down
to sub-ns, and verified their cryogenic functionality down to
2 K. VSM measurements were conducted to confirm the strong
PMA of the Mo-pMT]J stack. STEM characterizations show
a diameter of about 100 nm and good structure integrity of
patterned devices. By performing systematic P measurements,
we analyzed the ultrafast switching of Mo-pMTJs with various
7 and J. The switching is observed, being well within the
precessional regime. The optimal E is 0.64 pJ/bit (P— AP)
and 0.71 pJ/bit (AP—P), respectively. Due to the increase of
Rap, the TMR ratio is almost doubled when devices are cooled
down to 2 K. Jg generally increases as T decreases, except
for deeply low T, at which the Joule heating determines the
junction temperature. Our study advances Mo-pMTJ devices
for their promising memory and logic applications, including
the cryogenic memory in superconducting circuits.
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